have shown a definable response in the expression of genes involved in cell-cycle, inflammation and tissue-remodeling after LDIR (4) . The molecular response of normal tissues to IR not only depends on the response of a cell type but by the interactions between different cellular systems and the dynamic equilibrium. We recently reported that LDIR initiates NFKB-dependent feed-back response through SOD2 transactivation that could play a crucial role in induced oxidative stress response and directs cell fate (5) . Herein, we investigated the transcriptional kinetics of inflammatory signaling and orchestration of healthy tissue inflammation after LDIR.
IR results in the overproduction of different inflammatory mediators and cytokines (6) . This IR-induced cascade of cyto/chemokines activates a number of signaling pathways and cellular functions (7) . Chemokines are responsible for recruiting inflammatory cells and are actively involved in inflammation, tissue repair and fibrosis (8) . IR-induced early cytokine response has been reported within hours after LDIR in vitro (9) and in organs including brain (10) , blood (11) , lung (12) , colon (13) and skin (14) . Almost all previous reports are focused on select cytokines, their initial response or on the tissue remodeling phase. There is, however, a remarkable paucity ofinformation on the regulation of comprehensive inflammatory signaling molecules after LDIR (for that matter after any radiation dose) in healthy tissues and the influence of their kinetic variations on inflammation. In the present study, we investigated the dose/time-dependent transcriptional regulation of 95 cyto/chemokines, modulation of TNF-a, IFN-y, GM-CSF, MCP-I, VEGFA at systemic level, tissue damage and cell death, if any, from the initial response (1 h) all the way to remodeling phase (8 days) in radiosensitive gut and relatively radioresistant brain of C57BL/6 mice after LDIR.
MATERIALS AND METHODS

Animals and irradiation experiments
All experiments conformed to American physiological society standards for Animal Care and were approved by the Institutional Animal Care and Use Committee. Threeto five-week-old C57BL/6 (1O-15g) mice (Charles River Laboratories, Wilmington, MA, USA), were acclimatized in an animal house for at least 3 days prior to study. We selected just weaned young mice particularly to capture any measurable changes that transpire in mice healthy tissues (brain and gut) after low-doses (2cGy, 1OcGy) of radiation. Six animals (15) were used per LDIR dose, per time point and were randomly allocated to each group. Animals were either mock irradiated or exposed to whole body LDIR (2, 10 or 50cGy) using gamma cell 40 exactor (Nordion International Inc, Ontario, Canada) at a dose rate of 0.81Gy/min. The major focus of this study is to understand whether cells of normal tissue recognize and respond to radiation doses (D50cGy) used in most medical radiological curative/adjuvant/palliative procedures. To that end, most of the clinical conditions including bone marrow transplant, trigeminal neuralgia, thyroid eye disease, pterygium, pigmented villonodular synovitis, keloid scar growth, heterotopic ossification, and back surgery employ a wide range of low-dose radiation doses. Accordingly, we utilized 2, 10 and 50cGy radiation dose regimens to dissect out the inflicted acute and late damage in the healthy tissues. All radiation dose regimes were validated dosimetry measurements. We measured the dose to the central axis of mouse with both thermo-luminescent dosimetry (TLD) and radiochromic film dosimetry. Brain and gut tissues were harvested 24 h after LDIR for dose-associated or 1,3,6, 12,24 h, 2, 4 and 8 days after 50cGy for time-associated investigations. At the end of each experiment, animals were euthanized by inhalation of 5% isoflurane and rapid exsanguination via the arterial line.
QPCR profiling
Total RNA extraction and real-time quantitative PCR profiling were performed as described in our earlier studies (5) . In brief, total RNA was extracted with RNA-Stat 60 reagent (Tel-Test Inc) from mouse brain and gut tissues of whole body IR (2, 10 or 50cGy) exposed mouse after 1 h through 8 days following manufacturer's instructions. The quality and the concentration of the total RNA was determined by Synergy 4 Multi-Detection Micro plate Reader (Biotek Instruments, Inc., Highland Park, Vermont, USA). Quantitative real-time PCR profiling was performed using mouse chemo/cytokine (Realtimeprimers.com, Elkins Park, PA, USA) profiling (Table I) . For this, reverse transcription reaction was carried out using iScript select cDNA synthesis kit (Bio-Rad Laboratories, Hercules, CA, USA). cDNA mixed with SYBR Green based real-time PCR super mix (Bio-Rad) were equally loaded in each well ofthe 96-well PCR array plates equipped with a panel of 96 primer sets for a thoroughly researched set of95 cytokines and chemokines. We started with this highly selected QPCR profiler instead of an all-encompassing gene array because the selected genes entail a well-characterized profile governing inflammatory targets, hence facilitating interpretation of data, simplifying data acquisition and analysis, and avoiding genes not functionally characterized. The Met values were calculated by normalizing the gene expression levels to the expression of internal housekeeping gene, -actin. The normalized data were then compared between groups, and the relative expression level of each gene was expressed as fold change. When comparing each gene's signal intensity between groups, we used a two-fold or more increase (~2 fold) in the experimental group compared with mock irradiated group to represent "stringent" criteria for upregulation and an increase of <2 fold to represent "less stringent" criteria. Classifying gene regulation criteria in this manner can provide an index of the reliability of the gene expression data.
ELISA
Serum levels ofTNF-a, VEGFA, IFN-y, GM-CSF or MCP-l were examined using ELISA as described in our earlier studies (16) .
Histopathology
LDIR-induced histopathological changes in brain and gut were examined as described in our earlier studies (17) . Each section was analyzed for histomorphological changes in at least 100 cells, a score from 0 to 4 was given for each tissue (0 = normal histology and 4 = maximum damage) and compared between groups using ANOVA with Tukey's post-hoc correction.
Cell death
DNA fragmentation III gut and brain from mice either mock irradiated, exposed to LDIR (2-50cGy) and harvested after Ih-8d was performed as described earlier (15) . Relative fluorescence intensity levels were quantified and the groups were compared using ANOVA with Tukey's post-hoc correction.
RESULTS
It is imperative to dissect the inflammation "setoff' LDIR dose, its initial response and late-stage tissue remodeling phase to unravel healthy cell radioresponse and subsequent tissue injury. To attain this, we adopted two approaches:
i. LDIR dose and inflammatory response
Dose-dependent transcriptional activation of cyto/chemokines in brain and gut. Of the 95 cyto/ chemokines examined, we observed that LDIR upregulated 18, 28, and 59 genes and down regulated 74,65, and 29 genes after 2, 10, and 50cGy in mice brain (Figs. 1 and 2). Like-wise, in gut, LDIR induced 16, 74, and 83 and suppressed 70, 15, and 9 genes after 2, 10, and 50cGy (Figs. I and 2). This dosedependent activation remained consistent both in gut (5, 52 and 59) and brain (8, 15 and 19) even with stringent criteria (~2-fold increase over mock-IR). Conversely, LDIR completely suppressed 73, 65 and 24 genes in brain, and 65, 13 and 7 genes in gut after 2,10 and 50cGy. Of the LDIR induced genes in brain, we observed a 'dose-independent' induction of C3, Cclll, Csf3, Cxcll, Il23a, Il9, Tnf and Vegfb (Fig.  3A ) of which Cxcll, Il23a and Il9 were significantly (>2-fold) upregulated. Similarly, Apoa2, Cc1l9, cc122, Cd28, Csf2, Csf3, Cx3cll, III 0, Myd88, Tnf, Tnfsf14, Tnfsf4 showed 'dose-independent' upregulation in gut ( Fig. 3B ) of which Tnfsf14 and Tnfsf4 were significantly upregulated (~2-fold). Tissue comparison analysis (gut vs brain), showed 'tissue-independent' yet 'dose-dependent' induction of 8, 23, and 53 genes after 2, 10 and 50cGy ( Fig.  3C ) of which 1, 10, and 8 genes showed significant (~2-fold) induction (Fig. 3C ). In addition, 57, 9 and 2 genes were commonly downregulated (~2-fold) in both tissues after 2, 10 and 50cGy. Interestingly, Csf3 and Tnfa were commonly upregulated in a 'dose/tissue-independent' manner ( Fig. I) .
Considering the quality of the radiation and expression magnitude of the molecules, CCL11 in brain, and Apoa2, CCLl7, CCLl9, CCL8, Cd28, Csf2, CX3CLl, LTB in gut showed a radiationdose dependent increase in expression. In addition, CCLl9, CSF2, ILll, TLR5 in brain and CCLll, CCL20, CCL-24, CCL-25, CXCLl2, CXCL9, Fadd, Ifnbl, Illl, Ill2a, Ill2b, Ill7a, Ill7b, Ill7f, III 9, IlIa, Il2, Il20, Il21, Il22, Il23a, Il6, Il8rb, Lta, Ltb, Ripk2, Tlr9, Tnfrsfllb, TnfsflO, Tnfsf11, Tnfsfl3b, Tnfsfl5, Tnfsf8, Vegfa, Vegfb, Xcll in gut that were downregulated with 2cGy showed dose-dependent expression after 10 and 50cGy. Interestingly, both CSF3 and TNF-a that were upregulated after all doses in both tissues did not show a dose-dependent increase. However, we observed a dose-dependent increase in the circulating soluble TNF-a (serum) levels as discussed below.
Dose-dependent increase in systemic cytokine secretion. We investigated the secreted levels of select cytokines including TNFa, Csf3, IFNy, MCP-I BRAIN S. ARAVINDAN ET AL.
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lOcGY SOcGY 2cGY lOcGY SOcGY Fig. 1 . Expression profiles of95 cytokines/chemokines in brain and gut tissues ofmice exposed to 2, 10 and 50cGy whole body irradiation. The expression levels of each gene in an array was normalized to internal~-actin control and then plotted as fold change over mock-irradiated control.
and VEGFA in serum from LDIR (2-50cGy) exposed animals. Compared to mock-IR, we observed a marginal increase in cytokine secretion after 2cGy exposure. Strikingly, we observed a dose-dependent increase in the secretion of all these cytokines in the serum, with a significant increase (P<O.OO l) after 50cGy ( Fig. 4A ). Dose-dependent DNA fragmentation. Since radiation-induced DNA fragmentation dictates the cellular response and serves as the possible cause in deciding cell fate, we investigated the effect of LDIR in induced DNA fragmentations ( Fig. 4B ). Though LDIR as low as 2cGy inflicted notable DNA fragmentation in brain, we observed a significant (P<O.Ol) DNA fragmentation after lOcGy that reached its maximum (P<O.OOl) at 50cGy in brain ( Fig. 4C ). Likewise, opposed to mock-IR gut, LDIR-induced a dose-dependent increase in DNA fragmentation with a robust increase after 50cGy ( Fig.4C ). Venn diagrams showing number of inflammatory molecules significantly up/downregulated, with or without stringent criteria (?:. 2-fold) in brain and gut ofmice exposed to 2, J0, or 50cGy. Numbers outside each circle represent the total number ofgenes up/downregulated after specific dose. Numbers inside the greater part ofthe circles represent the genes that were selectively upregulated in that particular dose. Numbers in two overlapping circles represent the number ofgenes up/downregulated commonly under both conditions. Numbers in the center represent genes up/downregulated at all three doses ofLDJR.
Dose-dependent brain and gut histopathology.
Gutlbrain sections stained with hematoxylineosin were examined for histomorphological alterations and graded by two blinded investigators. Morphometric abnormalities in brain were graded by examining cell swelling, axonal spheroids, multiple micronuclei, petrified neurons, dark shrunken nucleus lacking nucleoli and cytoplasmic swelling with no nucleus (Fig. 4D ). Gut tissue abnormalities were assessed by scoring infiltration of inflammatory cells in sub-mucosa, atrophy and infiltration of inflammatory cells in mucosa, reduced mucin content of cytoplasm, nuclear enlargement and presence of one or more prominent nucleoli and, increased distance of lamina propria (Fig. 4D ). Compared to mock-irradiation, 2 and lOcGy induced marginal histopathological changes in brain ( or without stringent criteria (> 2-fold) in brain and gut ofmice exposed to 2, 10, 50cGy and commonly after all three doses. Numbers outside each circle represent the total number ofgenes up/downregulated in the specific tissue. Numbers inside the greater part ofthe circles represent the genes that were selectively upregulated in that particular tissue. Numbers in two overlapping circles represent the genes up/downregulated in both tissues.
histopathologic changes. However, in both brain and gut, 50cGy exposure resulted in a significant (P<O.O 1) induction of histopathologic alterations.
ii. LD/R and iriflammatoryresponse:function oftime Transient transcriptional activation of cyto/ chemokines. In order to dissect the functional inflammatory response to LOIR, first we explored the sequential transcriptional kinetics of cyto/ chemokines in brain and gut at 1, 3, 6, 12, 24 h, 2, 4 and 8 days ( Figs. 5 and 6 ). Overall, LOIR induced and maintained 37, 60, 78, 56, 59, 72 genes after I h through 2 days, and dramatically reduced to only 2 and 8 genes after 4 and 8 days in brain tissue. Significantly (~2 fold), this LOIR-induced 'timedependent' upregulation remained consistent with 11,42,70,46, 19,47 genes after 1 h through 20 and only 1 and 4 genes after 4 and 8 days (Fig. 7A ). Representative photo-micrographs of DNA fragmentation analysis in brain and gut exposed to 2-50cGy. C) Histogram showing intensityquantitation ofDNAfragmentation in brain andgut after 2-50cGy. D) Representativephoto-micrographs of morphometric abnormalities in brain and gut tissue. E) Histopathological alterations in hematoxylin-eosin stained sections ofmice brain and gut tissues exposed to 2-50cGy. F) Histogram showing grading ofhistopathological changes in mice brain and gut exposed to 2-50cGy. Compared to mock-JR, 50cGy exposure resulted in a significant (P<O.OI) induction ofhistopathologic alterations in both brain and gut.
Moreover, 23 genes showed 'time-independent' induction in brain after I h through 20. Relatively few genes were suppressed after I h through 2 days in brain, and more (92, 86) genes after 4 and 8 days, ofwhich, 49, 27,12,38,24, and 17 after I h through 2 days and, 92 and 85 genes after 4 and 8 days showed complete (~2 fold) suppression (Fig. 7A) . Profiling in the gut revealed induction of 68, 85, 83, 78, 83 and 53 genes after I h through 2 days and reduced only 3 and 5 genes after 4 and 8 days. With stringent criteria, an exemplary transient expression pattern (47, 80, 77, 59, 59, 43 genes after I h-2 days and 2 genes after 4-8 days) was observed in the gut (Fig. 7A) . Furthermore, 'time-independent' inductions 007 genes were evident in gut tissue after I h through 2 days following 50cGy. Consequently, LDIR suppressed 23, 9, 9, 14, 9, 38 genes after I h-2 days and, 90 and 88 genes after 4-8 days. This pattern of cyto/chemokine suppression remained conserved with only 22, 7, 8, 14, 7 and 38 genes from I h-2 days and, 89 and 87 genes after 4-8 days (Fig. 7A) .
Additionally, tissue comparison revealed that LDIR induced 32,58, 72, 48, 53, 44 cyto/chemokines commonly ('tissue-independent') both in brain and . Expression profiles of95 cyto/chemokines in brain tissues ofmice exposed to 50cGy whole body irradiation and harvested after 1 h, 3 h, 6 h, 12 h, 24 h, 2 days, 4 days and 8 days. The expression levels ofeach gene in an array was normalized to internal~-actin control and then plotted as fold change over mock-irradiated control. Transient increase in systemic cyto/chemokine secretion. We investigated the LDIR-induced modulations in secreted levels of TNF-a, IFN-y, GM-CSF, MCP-l and VEGFA in serum after 1 h through 8 days. ELISA revealed a significant (P<O.OO 1) TNF-a secretion after 1 h through 12 h and reached maximum on days 1 and 2 (Fig. 7B) . Noticeably, this LDIR-induced TNF-a secretion was brought back to baseline levels after 4 and 8 days. Likewise, we observed a significant (P<O.OO 1) secretion ofIFN-y, MCP-l and VEGFA that reached maximum after 24 h while GM-CSF reached maximum on day 2. Conversely, secretion of these proteins dramatically declined to baseline levels or even to a lesser degree after 4 and 8D (Fig. 7B ). Together, these results correlated well with our "transient" cyto/chemokine transcriptional data and imply the translational existence of tissue to and/or from systemic inflammation response after LDIR. transactivation and secretion, we did not observe any recovery from brain cell DNA fragmentation at the extended periods. Parallel gut sections also revealed a maximum DNA fragmentation at I h post-LDIR and this profound increase remained consistent at all time points investigated (Fig. 8B) . As with brain tissue, we did not observe any significant recovery from DNA fragmentation over time (4 and 8 days). LDIR induced persistent histopathological changes in brain and gut. Compared to mock-IR, LDIR significantly induced histopathological events in brain as early as I h (Fig. 8C ) and remained sustained up to 2 days (Fig. 8D ). Only marginal decrease in histopathology was observed after 4 and 8 days in brain. Likewise, gut tissue grading revealed a significant increase in histopathological events 1 h after LDIR and remained consistent up to 24 h (Fig. 8D ). Though we observed maximum histopathological events at 2D, unlike cyto/ chemokine expression, we did not see any rapid decline in histopathology after 4 and 8 days.
DISCUSSION
Cyto/Chemokines constitute a major part amongst the vast number of molecules expressed in tissues after irradiation. An acute inflammatory response elicited by overexpression of pro-inflammatory mediators is proposed to be accountable for radiationinduced normal tissue injury (18) . However, the 4d 2d possible tissue damaging effect of these cytol chemokine-related events occurring after radiation is not well understood. Accordingly, the results present here blueprint the temporal release of95 cytol chemokines in mice brain and gut after LDIR. Our results demonstrate the complex pattern of elevation of cyto/chemokines following LDIR, but with a clear indication of a 'two-phase' response. While the immediate release of cyto/chemokines in first phase (up to 2 days) after LDIR resulted with measurable DNA fragmentation and histopathology, a dramatic decrease in cyto/chemokines correlated negatively in the inflicted inflammation. Furthermore, we demonstrated significant differences after LDIR in ) ... .., : . .
ED '"
;t.
... Fig. 8 . A) DNA fragmentation in brain and gut exposed to 50cGy and harvested after 1 h through 8 days. The original magnification is x200 (B) Histogram showing intensity quantitation ofDNA fragmentation after 1 h through 8 days in mice brain and gut exposed to 50cGy. C) Histopathological alterations in mice brain and gut either mock irradiated or harvested after 1 h through 8 days following 50cGy. D) Histogram showing grading of histopathological changes in mice brain and gut exposed to 50cGy and harvested after 1 h through 8 days. Compared to mock-fR, 50cGy resulted in significant histopathologic alterations in both brain and gut and at all time points studied.
both dose-dependent extent of elevation and temporal patterns in the brain and gut with different sensitivity to radiation damage. Our study is unique in its measurement of (a) early changes (as early as 1 h) in comprehensive panel ofcyto/chemokines; (b) LDIRdose response and extent of elevation; (c) sequential modulation ofcyto/chemokines over time up to 8 days; (d) dose/time associated functional response in terms of DNA fragmentation and histopathology, as well as (e) comparison of cyto/chemokines from brain to gut tissue, and serum. Though the cyto/chemokines which we found to be significantly expressed in brain and gut tissue are recognized to be important in initiation and/or maintenance of inflammatory process, it is impossible to discuss the role of all these cytokines in inflammatory pathogenesis in these tissues as it would be a sheer reiteration of what is known in literature. Moreover, all the 95 genes examined in this study are functionally characterized as proinflammatory molecules and hence, upregulation of these echo inflammation. Logically, here we restrict ourselves to discuss the expression patterns and Chemokine (C-X-C Motif) Ligand 10 Spp l Secreted Phospho Protein 1 Cxclll
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Chemokine (C-X-C Motif) Ligand 9 r-r inflammatory signature in terms of LDIR dose and more importantly on a temporal note as a function of time.
Our results document for the first time, a comprehensive, yet dose-dependent induction of cyto/chemokines after LDIR both in brain and gut.
Owing to intrinsic differences in the radioresponsive nature of various body parts, a relatively robust activation of these molecules was observed in gut over brain after every LDIR investigated. Though a number of earlier investigations explored either the role of selective inflammatory molecules in radiation-induced normal tissue injury (19) , their influence as function of time in specific tissue injury (20) or organ specific cytokine expression, to our knowledge, this is the first report documenting highthroughput, dose-and time-dependent, orchestration of cyto/chemokines in different organs with varying radiosensitivity. To note, two genes, Tnfa and Csj3 stood out after all 3 LDIR doses in both brain and gut. Induction of these two molecules in all tissues investigated with any given LDIR serves as positive controls for the study. Additionally, a persistent increase in the secretion of these cyto/chemokines during radiotherapy is worth considering, as they might lead to possible harmful effects.
To date, inflammatory response after specific insult has always been correlated with activation of select cyto/chemokine or speculated as interplay of multiple cyto/chemokines. New to science, this study dissected the variations in cyto/chemokine expressions and its downstream response in terms of dose, time and tissue to a specific insult, LDIR. As discussed in the introduction section and elsewhere (5) , LDIR has clinical significance as curative application. To our knowledge, this is the first study to delineate expression pattern of95 cyto/chemokines in two variant radioresponsive organs. Strikingly, this study identified a 'clear-cut' recovery period from LDIR insult in both brain and gut. Though we could speculate that inflicted inflammation could reach basal level over an extended period of time, in clinical applications on the other hand, LDIR exposures are used much more frequently, daily, once every two days per se. Clinically-used curative/ adjuvant/palliative LDIR leads to constitutive increase in chemo/cytokines and sustains cellular damage. As the inflammatory signaling fades over time, re-irradiation frequency may hold the key to regulate the switch to inflammation as such, and deciding the cell fate.
